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Abstract: Measurement of local soil strength may be used for real time regulation of tillage parameters in precision agriculture. Cartography of soil physical properties will also facilitate the study of their influence on plant development and yields. The aim of this research was to develop and test in field conditions a sensor measuring on-line soil strength variations. The sensor was constituted of a thin blade pulled in the soil at constant depth and speed and a beam which transferred the soil-blade forces to a transducer fixed on the machine. This transducer measured the draft force (Fx), the vertical force (Fz) and the moment (My). A field experiment was performed in 2 ha field of silt soil (Hesbaye, Belgium). A soil strength map of the field was established by pulling the sensor at 5 m interline separation by a tractor equipped with a DGPS receiver. The relationship between the recorded forces and several soil physical parameters was studied by identifying 10 control plots on the sensor track. In each of them, cone index penetrometry profiles and soil water content were measured. Soil samples were taken in the centre of the plots to determine cohesion and internal friction angle, simple compression resistance, Atterberg limits, granulometry and pF curves. Triaxial tests identified over-consolidated soils in plots situated in the pounds of the field. Based on the parameters measured in the other plots, significant relationships were established between (1) a global penetrometry index and the Fx and My solicitations measured by the sensor (r2 = 81%); (2) gravimetric water content and the vertical force Fz (r2 = 78%). Interpolation by inverse distance with a range of 45 m gave the best result for the cartography of the three measured signals (Fx, Fz and My). The confrontation of those maps with pedological and topographic maps together with the statistical relationships and the farmer's knowledge of the field showed high consistency.           The results of this experiment in field conditions are encouraging and show the promising perspective of technological innovations allowing on-line characterisation of soil physical state for precision agriculture. 
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1. Introduction
Soil strength is defined as the resistance which has to be overcome to obtain a given soil deformation. In cultivation operations, a high soil strength can be favourable or unfavourable according to the objectives. It is favourable to trafficability because it raises the soil bearing capacity but is unfavourable to soil tillage since it increases the draft, making more difficult the creation of an optimal soil structure, disturbs seeds germination and root growth. Direct measurement of soil strength is destructive. Amongst the numerous methods developed to measure soil strength, two are classically used. On one hand, a laboratory method based on triaxial tests of undisturbed soil samples allows the estimation of cohesion and internal friction angle by the Mohr-Coulomb equation. The main limitations of the method are related to the difficulty of collecting homogeneous core cylinders in tilled layers and to the relative complexity and duration of the measurement procedure itself. On the other hand, measuring penetration resistance by pushing a cone into the soil is a field semi-empirical method, quicker to operate but releasing a global information including shear, compressive and tensile strength. Many penetrometer applications are described in the literature, notably to evaluate the effects of vehicle passages (Jorajuria et al., 1997), determine compaction effects on roots development (Varsa et al., 1997), measure superficial crusts resistance (Martino and Shaykewich, 1994), analyse the spatial variability of soil resistance (Perfect et al., 1990), etc.
On the other hand, knowledge of soil properties and especially of soil strength is one important aspect of precision agriculture to perform soil variability maps and to regulate soil tillage and sowing machines. As recalled above, triaxial tests and measurement of soil resistance with penetrometer deliver discontinuous field information. As reliable maps require that the sampling is sound otherwise the information is degraded (Frogbrook, 1999), these heavy techniques are not well suited to soil mapping. Furthermore, to assess machine regulation the soil strength has to be measured by a sensor ensuring on line evaluation of soil properties. The objective of this research is thus to design such a sensor able to continuously measure soil strength variations for mapping considerations and having the potential of being included as part of a regulation system in a tillage machine.

2. Dynamometer sensor
2.1. Description
The sensor was inspired from the principle used when instrumenting soil tillage tools to determine the required traction. It was made up of a cutting blade moving horizontally in the soil (Fig. 1). This blade was submitted to solicitations, reduced to draft force (Fx) and vertical force (Fz). The sensitive part of the sensor was an octagonal ring transducer fixed out of the soil between the tractor and the beam supporting the blade. It measured Fx, Fz and the moment My. The detection system was constituted of strain gauges, correctly positioned and connected to constitute three Wheatstone bridges measuring Fx, Fz and My without interference.
Fig. 1: General schema of the soil resistance sensor (Fx: horizontal force; Fz: vertical force; My: moment).

The octagonal ring dynamometer design was based on the works of Godwin (1975) and used the formula of Cook and Rabinowicz (1963). The calculation took into account the maximal moment My to be transmitted by the ring estimated by the fundamental equation of earthmoving mechanics (Reece, 1965). The whole system was carried out in the Agricultural Engineering Department of Gembloux Agricultural University (FUSAGx, Belgium). A laboratory calibration of the sensor showed good linear relationship (r2 > 0.9999) between the applied solicitations and the output electrical tensions of the Wheatstone bridges.
The blade geometry was chosen to require only low traction power (blade length: 27 cm; width: 4.5 cm). The blade was placed with a 10° rake angle to the vertical to facilitate its soil penetration. The sensor was fixed on a supporting structure pulled by the three points fixation system. The blade depth was adjusted to 30 cm in order to collect information from the most superficial soil layer and was kept constant by using the three points position control system of the tractor.
2.2. Measurement chain and data acquisition
A complete measurement chain was developed in order to acquire simultaneously the signals provided by the soil strength sensor and those of a DGPS (OMNISTAR, 3000 LR8) system. The measurement chain consisted of an industrial laptop (Taurus Tech, Rocky II), a strain gauge signal conditioning accessory (National Instruments, SC-2043-SG) and an A/D converter board (National Instrument, DAQ Card A1-16XE-50, 16 bits resolution). The soil sensor signal acquisition had to be characterised by (1) a possibility of geocoding for cartography and (2) a measurement rate high enough to allow a forces frequency analysis in further studies, suited to deliver information about soil breaking patterns. Such an acquisition was performed by developing a Lab VIEW (National Instruments) application to allow time recording and signal acquisition at a 500 Hz. One DGPS position per second was recorded by using "Geographic Tracker" (MapInfo).
3. Field experiment
3.1.  Objectives and experimental schema
An experiment was carried out in October 1999 in the Hesbaye region (Belgium). The experimental field was located in a silt soil area and covered 2 ha. It presented slight undulations of a few meters height (3-4 m) over a length of 600 m. The soil was classified as Aba, silt soil with a textural B-horizon (Baeyens, 1960). The wheat cultivated on this plot was harvested in August 1999. The soil was not modified until the experiment. The first objective of the experiment was to study the relationships between Fx, Fz, My and several soil physical parameters measured in 10 test-plots spread over the field (Fig. 2) to assess the capacity of the sensor to measure soil strength. Forward speed was kept at a constant value of 5 km/h by a precise engine speed adjustment.
Those measured soil parameters were for one part penetrometer profiles, providing quick but global characterisation of soil strength and for the other part, granulometry, water content, pF curves, bulk density, Atterberg limits, triaxial and uniaxial compression tests. The 10 plots were identified on the sensor track in order to cover as completely as possible the diversity of soil physical conditions encountered by the sensor. The plots were treated as homogeneous soil units and were chosen long enough (20 m) to obtain representative mean solicitations. This length corresponds also to the resolution that could practically be considered for a localised soil tillage approach. The second objective was to establish a cartography of the sensor signals to obtain an image of the soil resistance natural variability at this field scale.
3.2. Signal processing
A program written in C++ converted in post-processing the three sensor voltages to the values Fx, Fz and My by using the calibration equations established in laboratory and taking into account the sensor's own weight. It also computed the recording time of each measurement from the first recording time, the measurement rate and the delay between the computer local time and the DGPS UTM time. The program generated two additional files. The first file contained only the data related to the test-plots, extracted according to the state of a binary switch indicating the passage of the sensor in a plot. Those files were used for studying the relationships between measured soil physical state and recorded traction solicitations. The information contained in the file extracted for plot 1 is presented as example in Fig. 3. The second type of file contained the mean value of each solicitation computed each second. These values were destined to the cartography of Fx, Fz and My over the whole field.
Fig. 2: Experimental schema (Hannut, October 1999).

Fig. 3: Forces measured in plot 1 (Hannut, October 1999).

3.3. Relationship between forces and soil physical parameters
3.3.1. Soil physical parameters
A complete set of parameters was measured for the 10 plots identified in the field.
•   Granulometry curves confirmed similar textural characteristics (fine silt) between plots (Fig. 4), as predicted by the pedological map.
•   Plots dry bulk densities ranged from 1.49 to 1.57 g/cm3 and showed no significant variations (Fig. 5).
•    Soil moisture content was comprised between 220 and 250 g kg-1 mass, with some significant differences between plots (Fig. 6). Values higher than 230 g kg-1 were noticed in plots 1, 2, 3, 6, 8 and 9. Plots 3, 6 and 9 are located around the centre of the experimental field; while plots 1, 2 and 8 are located at its extremities.
•   The plasticity index (Ip = wl - wp) measured the water content range in which a plastic behaviour is expected for the material. In all the plots it was considered as "low" (from 5 to 10%). The consistency index (Ic = (wl - w)/Ip) takes into account the soil water content. It was found close to 1 and consequently the soil was qualified as not very consistent to consistent, according to the plots (Table 1). The position of the representative point on Casagrande's diagram (couple wl, Ip) allows the identification of the dominant type of clay mineral (Fig. 7).         The point representing the Hannut soil indicates the category of the "silts of low/medium plasticity". The localisation of this point shows the absence of swelling clays associated to complications in mechanical behaviour.
•   Thirteen penetrometry profiles were recorded in each plot with an automatic mobile penetrometer. Post-processing turned the profiles to be comparable and allowed the calculation of an average profile for each plot (Fig. 8).
•   A global penetrometry index (IP25) was computed as the sum of the cone index measured between 0 and 25 cm depth in one profile. This index showed significant differences in the resistance profile of the plots (Fig. 9).
•   Cohesion and internal friction angle were determined through triaxial tests. Cohesion mean values were located around 5 kPa excepted in plots situated near the edge of the field (plots 1, 2 and 5) where it reached 20 kPa. These plots were identified as over consolidated soils, as a consequence of past compaction events. Indeed, in these field borders, more vehicle traffic is usually observed. In all plots, internal friction angle was always around 30°.
•   The uniaxial compression test showed resistance σ1 ranging from 51 to 155 kPa (Table 2).
•   The pF curves were similar for all the plots of this experience (Fig. 10).

3.3.2.  Correlation with measured forces
Correlations were searched between sensor's mean signals and soil physical parameters by global statistical analysis (Pearson matrix of correlation).
At first, no significant relation was established. The following hypothesis was proposed: the state of over consolidation observed in some of the plots modifies the mode of interaction between the blade and the soil and probably masks relationships that may exist between the sensor signals and the physical properties of a "normally consolidated" soil.
As expected, significant correlations (*P < 0.05) appeared when recalculated only with the data of the normally consolidated plots. The best relationship was observed between the global penetrometry index IP25 and the solicitations Fx and My
IP25 (MPa) = -25.1 - 0.0084Fx (N)
                       + 0.0295My (Nm),        r = 80.7%
where r2 is the square of Pearson's coefficient of correlation. This relationship indicates that two signals (Fx and My) of the developed sensor are sensitive to soil strength expressed by a single index summing the cone index values over 25 cm depth.
Another significant relationship (*P < 0.05) was observed between gravimetric water content w and the vertical force Fz
w(gkg-1) = 26.1+0.0230Fz(N),        r = 77.9%
This relationship means that the vertical reaction Fz of the soil over the blade is as much intense (and directed upwards because the vertical forces measured are negative) that the soil is dry. Indeed, after the failure, some soil is forced in a ascending movement in front of the blade and it may be assumed that an increasing humidity reduces the friction forces on the blade. The force fluctuation may also probably be attributed to a modification of the soil failure mode.

Fig. 4: Granulometry curves for the 10 test plots (Hannut, October 1999).


Fig. 5: Dry bulk densities for the 10 test plots (Hannut, October 1999).




Fig. 6: Gravimetric water contents for the 10 test plots (Hannut, October 1999).


Table 1: Plasticity index (Ip) and consistency index (Ic) for the 10 test plots (Hannut, October 1999)
	Plot
	1	2	3	4	5	6	7	8	9	10
Ip	7.4	9.3	8.9	6.4	9.9	9.7	8.4	8.8	6.8	9.6
Ic	1.1	0.6	0.6	1.2	1	0.7	0.9	0.7	1	1

Table 2: Uniaxial compression tests for the 10 test plots (Hannut, October 1999)
	Plot
	1       	2     	3	4	5       6	7	8	9	10
σ1 (kPa)	93	81	76	91	155   99	82	72	67	51







Fig. 7: Casagrande's diagram (plasticity index vs. liquid limit) (Upadhyaya et al., 1994) and position of studied soil.

Fig. 8: Penetrometry profiles for the 10 test plots (Hannut, October 1999).





Fig. 9: IP25 for the 10 test plots (Hannut, October 1999).

Fig. 10: pF curves for the 10 test plots (Hannut, October 1999).






Fig. 11: Spatial representation of Fx and Fz signals (Hannut, October 1999).

3.4. Forces cartography
The mean solicitations computed each second (mean value of 500 data) were geocoded with DGPS position. The colour coding spatial representations of those points were performed with MapInfo software and allowed various soil strength zones identification. Some parts of track-lines of the sensor showed superior forces to their two adjoining lines (Fig. 11).
This may be due to the fact that the sensor was passing in an ancient compacted wheel track or to a variation of blade depth (for instance, when the tractor is driving inside previously compacted wheel tracks). The variability higher in the lateral direction can also be explained by a real anisotropy of soil physical properties due to the linear nature of soil tillage. After ploughing, the structure of the centre of the returned soil volume is less altered than at its periphery, leading to cyclic variation of resistance to penetrometry across the lines (Carter, 1988). That important lateral variability is part of the field condition measurement and implies the choice of suited geostatistical solutions during the cartography step. Among several interpolation techniques, the "inverse distance" method used with a range of 45 m was chosen since it ensured the extraction of coherent information. The maps of draft Fx and vertical forces Fz are presented over the pedologic and topographic maps in Figs. 12 and 13. The circled grey indicates an A-horizon thickness superior to 40 cm, whereas it is inferior to 40 cm in uniform grey areas. The topographic maps analysis indicates also the presence of a slight hollow in the uniform grey areas.
It can be seen that the signals fluctuations are related to the pedologic and topographic parameters: Fx is higher in the hollow than on the crest. The moment My which is highly correlated to Fx because of the low intensity of vertical forces Fz presents the same general patterns than Fx. The minimal efforts were found in areas corresponding to thicker A-horizon and to topographical "crests" (concavity of isohypses directed towards higher altitudes) whereas maximal efforts were found in areas corresponding to thinner A-horizon and to topographical "valley". Those observations can be justified by the following propositions:
1.  The possible interaction of the sensor's blade with the B-horizon (more dense and resistant) increases the Fx and My solicitations.
2.  Because of the valley shape and the shallower presence of the less permeable B-horizon, soil humidity is kept higher in the central zone of the map where Fx and My are higher. Water contents observed are close to the plasticity limit of this soil. The supposed variations of water content justify the passage from fragile rupture mode for a dryer zone to ductile rupture mode in a more humid area. According to the breaking mode proposed (Fig. 12), a rupture by lateral forcing over most of the blade length (lower critical depth) would result in higher traction forces than for a fragile mode where rupture mainly occurs along a surface of minimal resistance. This breaking front adapts to the network of cracks pre-existing in a dryer soil.
3.  The soil of this field, tilled for more than 20 years, is affected by a progressive structure modification leading to the release and transport of clay particles from high to lower areas. The higher clay content of the soil in the "valley" leads to higher water retention capacity and higher effective cohesion compared to the soil of the crests. According to the farmer's practical experience and knowledge of this field, the central zone is actually more "heavy".
Fig. 12: Cartography of horizontal forces (Fx) and schema of the breaking modes encountered (Hannut, October 1999). Fx map is superimposed on the pedological map. Flags show test plots localisation.

The map of vertical solicitation Fz shows good agreement with the border between the pedological profiles (Fig. 13). The negative value of Fz means that the vertical resultant of the soil reaction over the blade is directed upward. The statistical relationship between vertical force Fz and soil humidity established in Section 3.3.2 and the patterns observed on the map of vertical forces confirm the existence of a more humid zone in the centre of the field. The possible interaction of the blade with the B-horizon in this zone can contribute to justify the reduction (in absolute value) of Fz. The lower part of the blade presents a smaller incident angle and the B horizon is more dense and resistant, so as the vertical component of the soil reaction over this part of the blade tends to pull it down while moving.




Fig. 13: Cartography of vertical forces (Fz) (Hannut, October 1999). Fz map is superimposed on the pedological map. Flags show test plots localisation.

4.  Conclusion
The designed dynamometer and the associated measurement chain are sensitive enough and well suited to the detection of local soil strength variations. Triaxial tests permit the identification of over-consolidated soils in plots situated in the pounds of the field. Based on the parameters measured in the other plots, significant relationships were established between
(1) a global penetrometry index IP25 and the solicitations Fx and My measured by the sensor (r2 = 81%);
(2)  gravimetric water content and the vertical force Fz (r2 = 78%). With a confirmation over a wider range of data and the determination of their validity limits, those relationships could be exploited for the description of physical state of a loamy soil from the signals recorded by the sensor. Interpolation by inverse distance with a range of 45 m gave the best result for the cartography of the three measured solicitations (Fx, Fz and My). The confrontation of those maps with pedological and topographic maps, together with the statistical relationships mentioned above and with the farmer's knowledge of the field suggested the importance of the link between the mode of rupture and soil physical state. The results of this experiment in field conditions are encouraging and show the promising perspective of such technological innovations allowing on-line characterisation of soil physical state. For precision agriculture, the new layers of information delivered by the soil resistance sensor may be used for real time regulation of soil tillage or sowing functional parameters according to the local soil physical state. Cartography of soil physical properties will also facilitate the study of their influence on plant development and yields.
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